PERSPECTIVES
AND SUMMARY Some 18 years ago, tubulin was originally identified as the soluble protein found in most eukaryotic cells that tightly bound the antimitotic drug colchicine (1, 2) . Quickly thereafter, this same protein was shown to be a major component of ciliary microtubules (3-6) and the principal protein subunit of microtubules in the cell cytoplasm (7) . Although such eukaryotic microtubules had been described morphologically by electron microscopists in the early 1960s as tubular fibrous elements that were present in an impressively wide series of arrays in plant cells, animal cells, and protozoa, it was these seminal biochemical observations coupled with the later discovery of conditions that supported in vitro assembly and disassembly of tubulin into microtubules (8, 9) which opened the way for a careful analysis of the tubulin polypeptide, its polymerization properties, and its companion microtubule associated proteins (MAPs). It will not be our purpose here to extensively review this early work. Several reviews summarizing what has been learned have previously appeared [e.g., refs. (10) (11) (12) (13) ] in addition to the authoritative volume of Dustin (14) and book edited by Roberts and Hyams (15) . For a more in depth account individual aspects of the molecular biology of tubulin we suggest ref. (16) .
What has become abundantly clear in the last 18 years is that tubulin polymerizes in cells into a diverse number of microtubule arrays whose assembly and functional properties are defined both by specific programs of cellular differentiation and by cell cycle determinants. For exampl e, microtubules represent the principal structural components of mitotic and meiotic spindles, of eukaryotic cilia and flagella, and of the elongated processes characteristic of neuronal cells. Moreover, they participate in several aspects of intracellular transport {pigment movement in chromatophores, for example [reviewed in ref. (17) ]}, in maintenance of various cell surface properties {such as receptor capping [reviewed in ref. (18) ]}, and, in concert with actin filaments and 8-10 nm intermediate filaments, they establish overall cell shape and internal cytoplasmic architecture [beautifully illustrated by refs. (19) (20) (21) and reviewed ref. (22) ].
This diversity of microtubule function, coupled with demonstration of differential stability of different microtubule classes to depolymerization induced by drugs or other agents (23, 24) , quickly fueled speculation that different microtubule classes might be assembled from different tubulin subunits, thereby establis]aing functionally distinct microtubules. Initially, this hypothesis was tested using a variety of biochemical methods. Most recently, newer approaches utilizing molecular biology and molecular genetics have focused on the question of how microtubule specificity and function, both temporally and spatially, i~; established in eukaryotes.
We now know, as had long been predicted, that the tubulins are encoded by multigene families which direct the synthesis of peptides which are both highly conserved .and heterogeneous. In vertebrates these different tubulins are expressed in complex developmental patterns which all but rule out simple kinds of tissue specific expression of individual polypeptides. Indeed, the complex dominance/epistatic relationships among mutant tubulins in both lower and higher eukaryotic cells imply that multiple tubulin gene products interact with each other in cells, although surprisingly little direct data have yet emerged. Additional structural variation among tubulin gene products is achieved by posttransla~:ional modifications which are subject to strict developmental and morphogenetic controls.
While the data from some lower eukaryotic species have demonstrated that single gene products are sufficient for construction of all essential microtubules, resullts from higher species clearly suggest that multiple gene sequences are required. This requirement .may arise from either of two sources. From the finding that an individual 13 tubulin polypeptide functions in assembly of all microtubul,es in spermiogenesis, Raft and coworkers (197) have presented compelling argument that multiple tubulin genes may be functionally equivalent, representing duplicated genes which have evolved into different genetic regulatory ~nvironments. On the other hand, the sum of the presently available sequence data indicates interspecies conservation of putative isotype specific variable region sequences, thus offering strong molecular evidence for the alternative hypothesis of different, functionally specialized tubulin gene products. It see~aas likely that both hypotheses will prove correct in some instances.
Finally, the study of tubulin regulation has emerged as an important model system in which to dissect the fundamental mechanisms of eukaryotic gene regulation. Cells regulate tubulin gene expression at several levels: (a) selection of which of multiple genes to express, (b) coordination of the synthesis of and 13 tubul~ins, and (c) control of the level of tubulin expression during the cell cycle and during development and differentiation. Regulation both at the level of mRNA stability as well as at the level of transcription has .been found to contribute to the proper orchestration of tubulin synthesis.
We haw: not endeavored in the present review to provide an exhaustive citation of the complete literature, but rather have attempted to discuss those experiments that have documented new discoveries or redirected the field Annual Reviews www.annualreviews.org/aronline toward new avenues of investigation. In so doing, we have had to make numerous judgments, some of which will no doubt prove to be in error. For such errors, both of commission and omission, we ask our colleagues' and readers' indulgence. At the least, we hope that we have succeeded in clarifying which important questions have been answered, which ones have solutions that are now on the horizon, and which questions have yet to be experimentally posed. remarkably conserved during evolution. This apparent invadance gave rise to a widely held impression that 'tubulin is tubulin is tubulin' (34). A second and perhaps more significant factor was that analytical techniques capable of distinguishing subtle differences within a group of proteins did not become routinely available until fairly recently. Thus, many reports of tubulin heterogeneity were based on data that can most charitably be described as less than convincing, leading many in the field to overlook the potential significance of the question. Tubulin heterogeneity is, however, quite real and, as we shall show below, is manifest at both the genetic and posttranslational levels in a complex pattern that correlates with the development and differentiation of a great variety of eukaryotic cells. It is thus important and appropriate to review the significant findings made at the protein level, since it was these efforts which defined the problems that are now approachable by more well-defined experimental techniques.
HETEROGENEITY
Following the initial discovery that tubulin in the nativ,e form exists as a dimer (4), it soon became apparent that highly purified tubulin contains two different polypeptides present in equimolar quantities (25, (35) (36) (37) (38) . Bryan Wilson (35) demonstrated that the two chains, which they named o~ and tubulin, had different amino acid compositions and proposed that native tubulin was a heterodimer. The heterodimer model has since been supported by Annual Reviews www.annualreviews.org/aronline chemical crosslinking studies (39) , optical diffraction images of zinc-induced tubulin sheets (40, 41) , by the demonstration of both chains in equimolar quantities in all tubulins [see ref. (41a) ], and by coordinate synthetic regulation (34, 42, 43) .
A number of reports in the early 1970s suggested that the heterogeneity of tubulin extended beyond the well-documented a/[~ heterogeneity. Witman et al (44) presented convincing evidence showing that the outer doublet tubulins Chlamydomonas flagella resolved into 5 bands by isoelectric focusing. Subsequently, electrophoretic heterogeneity was documented in the a tubulin chains of sea urchin mitotic and ciliary but not flagellar tubulins (45) . In a frequently cited study, Fulton and coworkers (46, 47) advanced a 'multi-tubulin hypothesis' which proposed the existence of multiple genes encoding functionally distinct tubulin subunits. This hypothesis was based on their preparation of an antiserum that was reported to react only with flagellar tubulin and not with the abundant cytoplasmic tubulin found in the amoeboid ~tage of Naegleria gruberii, thus apparently demonstrating that the two tubulins were chemically distinct. WJithout direct data, the two tubulins were postulated to be the products of different genes. In fact, in light of the significant overestimation of the quantity of tubulin in the amoeboid form of Naegleria (48) , their conclusions were l:,ased on an immunological reagent for which, in hindsight, there is no compelling proof of specificity. Nevertheless, their hypothesis presaged subsequent definitive studies.
Based on electrophoresis, peptide mapping, and amino acid analysis, the biochemica]~ search for multiple tubulins continued as Stephens reported differences not only between cytoplasmic and flagellar tubulins but between the central pair, A-and B-subfiber tubulins of flagellar and ciliary microtubules of the sea urchin (49) (50) (51) . These were interpreted as indicative of primary sequence differences among tubulins within individual organelles of a single species. It i~; now not clear whether this conclusion was entirely warranted. The possibility ,af contamination of tubulin samples by nontubulin proteins that possess mol.ecular weights similar to ot and 13 tubulin [as have been shown to be stably associated with sea urchin doublet microtubules (52) ] cannot be rigorously excluded. Furthermore, it is quite possible that the majority of ciliary tubulin derives from maternal cytoplasmic tubulin in the sea urchin (53) . These difficulties of interpretation, even with the carefully implemented experiments of Stephens, highlight the difficulties of demonstrating primary sequence differences by indirect procedures.
The most extensive microheterogeneity in tubulin has been documented in vertebrate brain. Early reports demonstrated that tubulins isolated from brain tissue as well as cultured mouse neuroblastoma and glioma cells could be resolved into 5-9 components that differed in isoelectric point (54) (55) (56) (57) (58) . Improved isoelectric focusing techniques have recently allowed more definitive Annual Reviews www.annualreviews.org/aronline resolution of brain tubulins: 7 ~x species and 10-1413 species that focus from pH 5.3 to 5.8 have been documented in several species (60) (61) (62) (63) (64) (65) . Purified isoelectric variants yield single bands of the original isoelectric point upon refocusing (60) , thus demonstrating that isoelectric heterogeneity is intrinsic to individual tubulin species.
During vertebrate neural development, this surprisingly complex tubulin pool undergoes significant modulation, as initially demonstrated at low resolution (56, 57, 66) and subsequently confirmed at higher resolution in several laboratories (61) (62) (63) (64) . In the rat, the 13 tubulin pool increases from an apparent species in embryos to 14 species in adults; ot tubulin on the other hand has been resolved into 7 species that are present throughout development but change dramatically in relative abundance, accumulating in the more acidic variants during maturation [e.g., ref. (62)]. No further changes have been seen upon aging in the adult (61) . A similar modulation is also observed in the chick, although in this instance the main developmental differences involve alteration in the relative quantities of species that are present throughout development
(64).
Moreover, the extensive heterogeneity of brain tubulin is not due simply to the superposition of tubulins derived from the many cell types of the brain since individual neurons in culture possess complex tubulin pools (67) . However, different cells orcell populations within the brain appear to possess different complements of tubulins. Several groups have reported differences in the composition of tubulin protein or tubulin obtained by in vitro translation of mRNA from different regions of the brain (68, 69) or different cell lines culture (70, 71) . In fact, the demonstration of heterogeneity in rat brain tubulins translated in vitro by Marotta and coworkers (72) was perhaps the first definitive indication that tubulins are encoded by multiple genes in vertebrates.
Microheterogeneity is not restricted to flagellar and brain tubulins. Multiple tubulins have been detected in Drosophila (73, 74) , brine shrimp (75), Physarum (76), the unicellular algae Chlamydomonas and Polytomella (77, 78) , the trypanosomatid Crithidia fasciculata (79) , the fungus Aspergillus (80) , and essentially all vertebrate tubulin sources examined (81) (82) (83) (84) (85) .
COMPLEXITY OF TUBULIN GENE SEQUENCES
Although the initial studies of tubulin heterogeneity often failed to receive widespread acceptance because they could not address the source of the observed heterogeneity, these experiments when taken in toto, clearly indicated that both a and 13 tubulins exist in multiple forms in many, if not all, eukaryotic organisms. With the application of molecular cloning techniques, it became possible to investigate the origin of tubulin polypeptide heterogeneity by analysis of the genes that encode each subunit. Annual Reviews www.annualreviews.org/aronline
The earliest construction and identification of cloned sequences complimentary to et or 13 tubulin mRNAs came from the work of Cleveland et al (87) . Startir~g from mRNA isolated from embryonic chick brain which was known to be heavily enriched in tubulin RNAs (88) , these authors obtained cDNA clones carrying copies of a chick brain ot and a chick brain 13 tubulin mRNA. Using these cloned sequences as hybridization probes, they were able to establish (as had long been anticipated) that tubulin DNA sequences were highly conserved throughout metazoans. Moreover, these data demonstrated the existence of multiple (and apparently unlinked) gene segments for ~t and tubulin in a variety of organisms.
Soon afte, r this initial report, cloned tubulin sequences were isolated from Drosophila (90-92) Chlamydomonas (43, 93, 94) sea urchin (95) , rat (96, and human (98, 99) . In each case, the initial experiments (confirmed by later work) again suggested that each species investigated contained small multigene families of ,~ and 13 tubulin sequences which (for the most part) were unlinked to each other in the genome.
From these and later studies, a firm picture of tubulin sequences within eukaryotic genomes has now emerged. This is summarized in Table 1 in which the complexity, number of known functional genes, and organization within the genome for tubulin gene sequences in a variety of species has been catalogued. The assumption implicit in identification of tubulin genes in each organism is that all tubulin sequences are sufficiently highly conserved to be detected by hybridization to heterologous sequences. As we shall see later, this is, in fact, not always the case.
Tubulin Gene~ in Unicellular Organisms
Beginning with the simplest example, the budding yeast Sacchromyces cervisiae contains a single intronless 13 tubulin gene, initially identified by its weak hybridization to a cloned chicken 13 tubulin (130) . No additional 13 genes could be detected, even by hybridization to the isolated yeast sequence. On the other hand, two ot tubulin genes have been identified in a fission yeast, Schizosaccharomycespombe (129) . Although both genes are functional, one is intronless while the other contains a single intron interrupting amino acid codon 19. Like yes.st, a comparatively simple tubulin gene family is also present in the unicellular algae Chlamydomonas which contains two ot and two 13 tubulin genes (43, 93) . Each of these four sequences represents a functional gene (43, 131) . In contrast, the amoeboflagellateNaegleria appears to contain as many as 8 ot tubulin genes (127) . Moreover, unlike yeast and Chlamydomonas, no significant hybridization between Naegleria and vertebrate tubulin sequences has been detected.
Curiously, while tubulin gene sequences are dispersed in essentially all metazoans investigated [with the exception of some sequence clustering in sea Annual Reviews www.annualreviews.org/aronline urchin (114) ], the arrangement of tubulin genes in unicellular parasites metazoans has established that clustered, tandemly duplicated arrays of ot and It ubulin sequences do exist in these organisms. Moreover, as if to demonstrate that all conceivable possibilities are represented, the clustering may be of all ot tubulin genes or all 13 tubulin genes (119) (120) (121) or as tandemly linked ~x/13 pairs (118) .
Tubulin Genes in Drosophila
For the rnos't extensively studied system, Drosophila, the combined data from four groups have demonstrated the presence of four ot and four 15 tubulin gene sequences, each of which is represented once per haploid genome (34, [90] [91] [92] 117) . In situ hybridization against polytene chromosomes provided the original demonstration that, in contrast to most previously studied multigene families (e.g., the g,,lobins, histones, or immunoglobulins), the Drosophila tubulin genes are not linked but are instead dispersed throughout the genome (90) (91) (92) . As discussed in detail below, all eight Drosophila tubulins are functional genes.
Tubulin Genes in Mammals: Authentic Genes Amid a Sea of Pseudogenes
In contrast to the relatively simple gene families in many lower eukaryotes, the matter of tubulin gene sequences in vertebrate genomes is another issue. As initially reported (87) , mammalian genomes contain up to 20 sequences that carry strong; homology to both the N-terminal and C-terminal coding sequences for either tt tubulin or 13 tubulin. The pioneering work of Cowan and his coworkers (102, 132) in the analysis of the human tubulin gene families has shown that many, if not most, of these sequences are pseudogenes. In the case of the human 13 tubulin family, for example, of twelve genomic segments analyzed thus far (101) (102) (103) 132 ; N. Cowan, personal communication), only three represent functional genes. All of the remaining nine sequences are pseudogenes which contain multiple deletions and/or in-frame translation termination c,adons within the exon sequences.
The nature of these tubulin pseudogenes is an intriguing story in itself. Only one of the :aine human 13 sequences is a 'traditional' pseudogene that contains intervening sequences. The other eight are of a novel and unexpected class characterized by (a) the lack of all intervening sequences, (b) the presence long coded poly-A tract at the 3' end, and (c) the presence of a 10-15 base pair direct repeat in both the 5' and 3' flanking genomic DNA. These findings clearly imply that these pseudogenes arose by a reverse transcription event in which a m~tture tubulin mRNA was copied into DNA and inserted at a staggered chromosomal break (132) . This class of pseudogene has now been seen in Annual Reviews www.annualreviews.org/aronline variety of other genes including a rat ot tubulin (104) and will probably prove be a common eukaryotic phenomonon.
Given the complexity introduced by these pseudogenes, the determination of functional tubulin gene sequences in mammals is a truly formidable task. Nonetheless, by the initial isolation of cDNA clones, three human 13 tubulin genes (101, 102 ; N. Cowan, personal communication), three rat 13 tubulin genes (105,106), two human o~ tubulin genes (100), and two rat o~ tubulin genes (96, 97) have now been identified to be functional. It is not known how many additional o~ or 13 tubulin genes in either genome represent authentic genes.
Tubulin Genes in the Chicken
Unlike other vertebrate genomes investigated, the chicken contains relatively few sequences with strong homology to a tubulin or 13 tubulin (87) . Among the 13 genes, the four gene segments that contain sequence homology detectable by hybridization to the extreme N-terminal and C-terminal coding sequences were initially isolated (110) . In addition, 2-3 more divergent segments were later identified (112), one of which has been cloned. When viewed together with the discovery at the protein level of an erythrocyte 13 tubulin polypeptide (84, 85) which may not derive from any of these 6-7 gene segments (J. Havercroft, D. Cleveland, D. Murphy, unpublished) and with the inferred presence of an homologous, constitutively expressed sister gene to 134 (111, 113) these data now suggest that as many as 7-9 different 13 genes may exist. Moreover, if additional genes as divergent in sequence as the erythrocyte 13 tubulin are present, they might also be overlooked by the hybridization assay. At present, at least five chicken 13 tubulin genes are known to encode authentic polypeptides (84, 85, 110-I 13) .
MULTIPLE TUBULIN GENES ENCODE POLYPEPTIDES THAT ARE BOTH CONSERVED AND HETEROGENEOUS
With the isolation of the initial cloned sequences for ot or 13 tubulin (87), became possible to rapidly deduce the encoded polypeptides through DNA sequence analysis. Thus, Valenzuela et al (89) obtained the sequence of a chick 13 tubulin (the first complete tubulin sequence available from any source) and 92% of the polypeptide sequence for a chick brain ot tubulin subunit. Comparison of these sequences demonstrated a 40% homology between the o~ and 13 polypeptides, thus confirming the widely held belief of a common evolutionary origin of the two subunits. Shortly thereafter, data obtained both by direct protein sequencing (133, 134) and by DNA sequencing rapidly expanded the number of known tubulin sequences. Although the complete repertoire of tubulin sequences within a Annual Reviews www.annualreviews.org/aronline single species is only available from the simplest organisms, several significant principles have already begun to emerge from comparative sequence data.
Based partly upon the conserved biochemical properties of tubulins from different species and partly upon comparisons derived from fragmentary Nterminal sequence data (32) , it has been widely believed that the tubulins are among the raost highly conserved proteins yet studied. Initially, this prejudice was seemingly confirmed when comparison of the primary sequences of a chicken brain (89) and porcine brain [3 tubulin polypeptide (134) revealed conservatio~a of >99%. In addition, although protein sequencing identified microheterc,geneity among ~x tubulins (133) and [3 tubulins (134) in porcine brain, this heterogeneity was detected at only a handful of residue positions, suggesting that the differences between different tubulin polypeptides were quite subtle.
However, subsequent data, first from Cowan's laboratory and then from Cleveland' s and Farmer's, have made it clear that this high degree of sequence conservation is both correct and very probably misleading, at least for 13 tubulins. To illustrate this finding, the sequences for all presently available 13 tubulin polypeptides have been assembled in Figure 1 . Although cbnsiderable sequence conservation is evident, a surprising degree of sequence heterogeneity exists a~aaong different expressed tubulins within a single species. For example, comparison of one partial (53%) and four essentially complete chicken 13 tubulin sequences demonstrates divergence in as many as 8.7% (40 of 449) of ~he residue positions. This level of divergence is greater than that seen in any interspecies comparison of available metazoan 13 tubulin sequences. Moreover, the deduced polypeptides encoded by the 5 chicken 13 genes specify four different isotypic classes differentiable by primary sequence. Similar isotypic differences have been noted in sequence data from two human 13 tubulins [12,131 and D132 in Figure 1 
Regional Variability in Metazoan f3 Tubulin Polypeptides Suggests Distinct Isotypic Classes
The sequence heterogeneity among the known metazoan tubulin polypeptides is not, however, randomly distributed throughout the polypeptide, but rather is localized into clusters of heterogeneity and clusters of extreme conservation. The most striking example of sequence conservation lies between residues 401 and 425. This region is identical in all currently known 13 tubulins including yeast. Evidence for the most pronounced variable cluster, which is confined to the extreme C-terminal residues beyond amino acid position 430, first emerged from comparison of two human [3 tubulin isotypes (101) . Surprisingly, this region is heterogeneous in length as well as in sequence. In addition, as we have Annual Reviews www.annualreviews.org/aronline recently noted (113), a second markedly divergent cluster is found between residues 33 and 59.
Moreover, the present-data demonstrate that certain sequences, within the clusters of amino acid divergence, have been highly conserved during evolution. For example, the C-terminal variable regions of the dominant neural 13 tubulins in chicken [132 (89) ], pig [variant A (134) ], and rat [rat 1 (106a)] essentially identical. Further, the apparent constitutively expressed 13 tubulins from rat [rat 3 (106a)] and human [D132 (101) ] are also identical to each other in this region. A similar situation exists for an additional pair of rat [rat 2 (106a)] and human [D131 (101)] 13 tubulin subunits. Such conservation of variable region sequences in functionally related tubulins of different species suggests that sequence divergence in these regions is not selectively neutral, but rather that specific sequences have been evolutionarily maintained by positive selective pressure. Consideration of these findings has lead us to suggest (113) that these variable domains may define specific 13 tubulin isotypes.
For metazoan ot tubulins, although Ponstingl et al (133) initially identified four different et tubulins that differed subtly in sequence in porcine brain, no substantial sequence heterogeneity has yet been seen among two human (100), two rat (96, 97) , and one chicken o~ tubulin (89) . Whether isotypic classes present for et tubulins is therefore still an open question.
Tubulin Polypeptides in Lower Eukaryotes
For tubulin sequences in unicellular eukaryotes, the situation is somewhat different. In the yeast Sacchromyces cerevisiae, only a single 13 tubulin gene is present; for Chlarnydornonas as well, although two different 13 tubulin genes are expressed (43, 131) , both encode identical polypeptides (131) . These polypeptides, although clearly homologous to higher eukaryotic 13 tubulins, display amino acid homology to metazoan brain sequences of only 89%. Similarly, the yeast 13 tubulin sequence show~ only 70% homology and is 12 amino acids longer than the dominant vertebrate brain subunit (130) . contrast, the two a tubulin polypeptides of the yeast Schizosaccharomyces pombe are surprisingly divergent, retaining not only a low 76% homology to known mammalian ot tubulins but also showing only 85% homology to each other. Curiously, the major regions of divergence between the two yeast ~t isotypes are concentrated between residues 44zl-455 and 31-52, strikingly reminiscent of the positions of the clusters of highest divergence in the metazoan 13 tubulins [see Figure 1 and ref. (113)].
MULTIPLE TUBULIN GENES ARE EXPRESSED IN COMPLEX DEVELOPMENTAL PROGRAMS
It appears certain from the data currently available (Table I) that the expression of different o~ and 13 tubulin genes (and at least in some cases, different Annual Reviews www.annualreviews.org/aronline polypdptides--see above and Figure 1 ) is a general property of metazoan species. This is also the case for some unicellular eukaryotes. Collectively, these findings raise the interesting and important question of whether there exist developmentally regulated programs that specify the timing of expression of individual tubulin genes. The answer for a variety of genomes is an unambiguous yes. Differential gene expression of a tubulin gene family was first documented in Drosophila. Initially, by identification of a mutation in a 13 tubulin polypeptide whose phenotype was male sterility, Raff and coworkers (73) documented the presence of a 13 tubulin polypeptide which was expressed in testis but not ovary. Later work from this group failed to detect expression of this 'testis specific' polypeptide (distinguishable from other 13 subunits by isolectric focusing and encoded at position 85D on the third chromosome) in embryonic development or in other adult tissues (74) . [This spermatocyte specificity may not, however, be absolute since Natzle & McCarthy have detected transcripts apparently encoded by this gene in early embryonic development (117)]. Data derived both at the polypeptide level (74) and at the RNA level (117) showed one of remaining four 13 genes (at chromosome position 56D) to be expressed ubiquitously, while a third gene (at position 60C) is expressed during midembryogenesis. The fourth 15 tubulin gene is also ubiquitously expressed at low levels, although the corresponding polypeptide has not been clearly identified. Similarly, for Drosophila o~ tubulins, two genes (at chromosome positions 84B and 84D) are ubiquitously expressed (92, 116, 117) . One (at position encodes two RNA transcripts, the larger of which is present in larvae and the smaller of which is present in pupae and adult males and may be testis specific (116) . The final gene (at position 67C) is a more divergent gene (90, 91, 135) which encodes a maternal ot tubulin RNA present in ovaries and eggs (ll6; ll7).
Examples of differential gene/polypeptide expression in other genomes have also been reported. For example, in the most extensively studied vertebrate, the chickenl fi3ur 13 tubulin mRNAs are each encoded by a different gene (110, 111) . One transcript (134') is constitutively expressed, one (152) represents dominant neural 15 tubulin, one (133) is overwhelmingly expressed in testis, and the fourth (151) is expressed in significant amounts only in a few tissue/cell types (e.g.., developing skeletal muscle). Although markedly preferential expression is often seen, no 13 tubulin subunit (with the possible exception of divergent erythrocyte 13 tubulin (84) encoded by an as yet unidentified additional fifth gene) is truly cell type specific (111) . Moreover, no cell or tissue type investigated expresses only one 13 tubulin gene, although many express three or more.
Similarlly, in addition to a constitutively expressed gene, Farmer and coworkers have demonstrated two rat 13 tubulin genes to be expressed primarily in neural tissue and to be differentially regulated during brain development (105, Annual Reviews www.annualreviews.org/aronline 10~5, 106a). One gene encodes a 13 tubulin utilized early in cerebellar development, whereas the second gene is expressed only at later stages. An analogous situation may also be present in human et tubulins since a constitutively expressed and a brain specific gene have been identified (100) .
Finally, among lower eukaryotes differential expression of ~x and 13 tubulin polypeptides has been documented by Dove and coworkers throughout the life cycle of the slime mold Physarum (76, 122, 136) . At least three 13 tubulin genes are present in this organism; one is specific to myxamoebae; one is specific to the plasmodial form; and one is found in both stages of the life cycle (122) . Similarly, one a tubulin subunit is known to be specific to plasmodia. These data document minimum contributions of differential tubulin gene expression since assignment of 3-4 additional a tubulin variants has not yet been achieved. It remains a surprise that more genes are expressed in the plasmodial form even though this form apparently possesses only mitotic microtubules (137) .
POSTTRANSLATIONAL

MODIFICATION .OF TUBULIN: FINE TUNING OF FUNCTIONAL SPECIFICITY?
In addition to isotypic heterogeneity among tubulin polypeptides which arises directly from genetic contributions, posttranslational modifications have also been described which appear to be related to specific biological functions of tubulin. We have chosen to include a discussion of these phenomona because it is our feeling that collectively the data demonstrate the importance of chemical variation among tubulins in different cellular structures and underscore the emerging realization that tubulin is a structurally dynamic protein.
Tyrosination of ~ Tubulin
a Tubulin undergoes a unique posttranslational modification involving the enzymatic removal and addition of tyrosine at the carboxy-terminus of the protein. Originally identified by Rodriguez and coworkers as an RNAindependent incorporation of tyrosine and phenylalanine into protein in rat brain extracts (138) , these workers identified a tubulin as the unique tyrosine acceptor protein (139, 140) . Subsequently, identification of a carboxy-terminal tyrosine codon in a tubulin mRNAs from several species (89, 96, 97, 100) brought about the surprising realization that the primary modification of this putatively cyclic posttranslational modification process is the removal .of the encoded tyrosine and that the specific retyrosination reaction restores the a tubulin subunit to the original state.
Both enzymes of this remarkable modification cycle have been partially purified and characterized. Tubulin:tyrosine ligase (TTLase) is a 35 kd protein which catalyzes the ATP-dependent formation of a peptide linkage of tyrosine to the carboxy-terminal glutamic acid residue of a tubulin (141, 142) . TTLase Annual Reviews www.annualreviews.org/aronline tias been detectedlin all vertebrate tissues examined (143) (144) (145) , but particularly high activiq~ is found in embryonic brain and muscle tissue where it undergoes strong developmental modulation apparently correlated with the morphological differentiation of asymetric cells (146, 147) .
On the e,ther side of the modification scheme, a tyrosyl-tubulin specific carboxypeptidase (TTCPase) has been detected in brain tissues. The enzyme has an app~xent molecular weight of 90 kd (148) and shows a high degree specificity for the carboxy-terminal tyrosine of a tubulin (148) (149) (150) .
ot Tubulin isolated from brain has approximately 0.3 mol C-terminal tyrosine per mole tubulin dimer and approximately 20-~30% of brain tubulin can serve as a substrate :~or TTLase in vitro while the remaining 40-50% of brain tubulin is apparently :incapable of being tyrosinated (133, 140, 144, 151) . The nature the difference between substrate and nonsubstrate a tubulin is not known although, the possibility that each class arises from different genes is an attractive c~ne. Analysis of microtubule assembly in vitro using maximally tyrosinated or detyrosinated tubulin has revealed little or no difference in the assembly properties of the two forms of tubulin (144, 150, 152) .
In vitro studies using partially purified enzymes have shown that TTLase probably acts primarily on unpolymerized tubulin (152), while TTCPase acts preferentially on microtubules (150) . The possibility that this scenario may operative in vivo is supported by the findings of Rodriguez & Borisy who demonstrated that soluble a tubulin contains about twice as much C-terminal tyrosine as does o~ tubulin polymerized into microtubules when the two fractions are isolated under microtubule stabilizing conditions (153) . With this mind, detection of tyrosination by pulse labeling in vivo (144, 154, 155) and the demon,stration that the rapid turnover of the C-terminal tyrosine in cultured muscle cells is inhibited by microtubule depolymerizing agents (156) indicate that this reaction cycle may reflect the dynamic equilibrium between tubulin dimers and microtubules in living cells.
Two powerful new tools for investigating this unique modification cycle have recently become available. The first of these is a monoclonal antibody, YL 1/2 (157), which has been shown to recognize only the tyrosinated form of tubulin (158, 159) . The second reagent is a pair of polyclonal antibodies prepared against synthetic peptides corresponding to the C-terminus of tyrosinated or detyrosinated ot tubulin, respectively (159a) . Surprisingly, each of the antipeptide sera is completely specific for either tyrosinated or detyrosinated a tubulin polypeptides. Using indirect immunofluorescence, the YL 1/2 antibody has been fi)und to bind to most if not all cytoplasmic microtubules in PTK2 cells (158, 1591) . However, more recent work with the antipeptide antibodies has demonstrn.ted the presence in monkey cells of a limited subset of interphase microtubules in which a tubulin is not tyrosinated (159a). Moreover, in these cells detyrosinated a tubulin appears to be completely absent from astral Annual Reviews www.annualreviews.org/aronline microtubules of metaphase spindles. In addition, double immunofluorescence experiments have revealed the presence of tyrosinated and nontyrosinated a tubulin in the same microtubule, indicating that there are not completely separate populations of fully tyrosinated or detyrosinated microtubules (159a). However, no gradient of tyrosinated or detyrosinated o~ tubulin has been observed within a single microtubule with either YL1/2 (158, 159) or the polyclonal antibodie~/(159a).
Microinjection o~-the tyrosination specific monoclonal YL1/2 into living cells results in a concentration-dependent bundling and reorganization of microtubules correlated with :inhibition of saltatory motion, cell movement, mitosis, and dispersion of the Golgi complex (160). These pleiotropic effects probably result from the extensive binding of YL1/2 to cytoplasmic microtubules and do not reflect specific functions of tyrosinated tubulin per se.
A remarkable and exciting specificity of the tyrosination reaction has been found in the central nervous system by Cumming and coworkers (161, 162) . Immunocytochemical staining of different regions of the brain reveals a specific lack of YL1/2 staining in the small, unmyelinated axonal fibers in the molecular layer of the cerebellum and the stratum radium of the hippocampus, even though dendrites and glial cells present in these areas do stain with YL1/2 and even though all cell processes stain with other anti-c~ tubulin antibodies (161) . Analysis of development in the cerebellar cortex, however, has demonsgated YL1/2 reactivity in immature granule cell parallel fiber axons of the molecular layer at early stages in development (10 days postnatal); subsequently, YL1/2 reactivity of !he parallel fibers disappears in a progressive wave from the lower regions of the molecular layer toward the external granular layer (162) . The developmental time course and anatomical distribution of apparent detyrosination correlates remarkably well with the time course of parallel fiber maturation, organization and synaptogenesis in the molecular layer.
The possibility that tyrosination plays a crucial role in cytoskeletal reorganization during neural differentiation is certain to generate intensive experimental scrutiny in the future.
Axonal Tubulins
In addition to tyrosination, a number of studies indicate that tubulin in the axons of neurons may be specifically modified in other ways, either upon entry into the axon or during axonal transport. Hoffman & Lasek (163) originally demonstrated that after injection of radiolabeled amino acids into ganglia containing neuronal cell bodies, proteins subject to axonal transport move as discrete waves down the nerve tract, with tubulin and neurofilament protein constituting the slowest component (SCa) of the several classes of transported proteins. Thus, by exploiting these transport properties, axonal tubulin may be specifically labeled in vivo and by observing the pulse labeled protein in nerves Annual Reviews www.annualreviews.org/aronline at different distances from the site of injection, it is possible to observe the fate of transported tubulin. Using this approach, Brown et al (164) reported that axonal ot tubulin is specifically depleted during axonal transport in the mouse optic tract. Similar studies in rat optic tract (165) and guinea pig sympathetic ganglia (166) noted not only a decreased a/13 tubulin ratio throughout the nerve, but also de~monstrated the presence of a more acidic o~ tubulin species, termed or3, which migrates faster than the bulk of brain ot tubulin.
The dat~ reported in these studies are, on the whole, convincing that there exists an ~on-specific tubulin composition different from that seen in whole brain. It is ,:lifficult, however, to determine precisely what these differences are and mechanistically how they arise. This problem is compounded by differences in the various gel systems used to resolve the tubulins and in differences in neuronal tissues and experimental protocols utilized. Resolution of these difficulties in the future will be necessary lbr developing an understanding of regional o1: subcellular differences within axofial nficrotubule systems.
An imp,~rtant step in this direction has already been made by Brady et al (167) . These investigators have coupled the axonal labeling paradigm with functional fractionation of axonal microtubule proteins. After an injection/ sacrifice interval appropriate for specific visualization of axonal tubulin, proteins of the: particulate fraction obtained after cold and calcium extraction of the dissected optic system were analyzed by electrophoresis and peptide mapping (167) . An amazingly large fraction (50%) of the total nerve a and 13 tubulin not extractable (depolymerizable) by cold, calcium, or dilution as assayed one dimensional gel electrophoresis. Similar findings were reported by Black et al (168) . Moreover, Brady et al (167) have found that when proteins analyzed by two dimensional gel electrophoresis, the a tubulin polypeptide(s) were not detectable. Nonequilibrium electrofocusing established that the a tubulin p~esent in the cold and calcium stable fraction migrated with an extremely basic isoelectric point such that at equilibrium it migrated off the basic end of the gel. Clearly, the ot tubulin subunits of this cold stable, particulate fraction are highly (covalently) modified, presumably as a consequence of an important functional requirement.
Flagellar Tubulins
Further evidence for functionally specific utilization of chemically distinct tubulins comes from analysis of flagellar morphogenesis in unicellular organisms. In the best studied system, Chlamydomonas, flagella can be induced to regenerate after amputation. Although flagellar regeneration depends in part on the presence of a pool of cytoplasmic precursors and in part on new tubulin synthesis, the major flagellar o~ tubulin, or3, has a mobility different from preexisting cytoplasmic a tubulin, otl (169) . Since c~ tubulin polypeptides translated in vitro from mRNA isolated during flagellar regeneration migrate as Annual Reviews www.annualreviews.org/aronline otl, these data suggest that cytoplasmic a tubulin is posttranslationally modified prior to incorporation into flagella (169) . This suggestion has now been supported by pulse-chase experiments with regenerating flagella of Chlamydomonas (77, 170) and Polytomella (77) and by posttranslational labeling Chlamydomonas with [3H]-acetate (171) . These experiments have demonstrated that although no o~3 is detectable in the cytoplasm of cells either before or after deflagellation, labeled otl polypeptides canbe chased into the et3 position in the absence of new protein synthesis.
Perhaps one of the most significant aspects of this work is the suggestion, based on inhibition of c~ modification by colchicine (170) , ttiat the flagellar modification reaction is closely coupled, both mechanistically and spatially, to flagellar microtubule assembly.
A similar posttranslational modification of flagellar a tubulin has been described in the trypanosome, Crithidiafasciculata (79) . Curiously, the antibody YL1/2 which is specific for tryosinated a tubulin has been shown to stain only the flagellar microtubules of Trypanosoma rhodensiense (172) , indirectly suggesting that flagellar o~ tubulin modification in this organism might arise in part from tyrosination.
Other Posttranslational Modifications of Tubulin
Among other posttranslational modifications of tubulin that have been identified, brain 13 tubulin has been reported to contain covalently bound phosphate (173, 174) , but reports of the presence of specific tubulin kinases [e.g., ref.
(175)] must be tempered by the realization that tubulin may be an adventitious substrate for such enzymes. In particular, the oncogene sarc (176), which phosphorylates tyrosine residues, utilizes tubulin as one of the best known in vitro substrates, even though no in vivo action of sarc on tubulin has ever been documented (A. Levinson, T. Hunter, personal communications). In addition, studies of protein phosphorylation in cultured cells have not identified tubulin as a phosphoprotein [e.g. ref. (177)]. Early reports of tubulin glycosylation [e.g. ref. (178)] have not been followed by more convincing studies, nor have in vitro studies reporting the cholera toxin-catalyzed ADP-ribosylation of tubulin (179) offered compelling arguments for modification in vivo. Nonetheless, it is clear that tubulin is a substrate for posttranslational modifications and future studies of this structurally dynamic protein may reveal additional, biologically significant postsynthetic modifications.
GENETICS OF MICROTUBULE SYSTEMS
From the foregoing data it has become clear that the tubulins constitute a family of different proteins whose expression and modification are closely regulated during development and differentiation. But to what functional end are these Annual Reviews www.annualreviews.org/aronline programs e,f gene expression and polypeptide modification utilized? An initial answer to this important question has come from genetic approaches in a variety of organisms.
Microtubule Genetics in Aspergillus
The dissection of tubulin function using genetic approaches was first described for the mold Aspergillus in a series of papers from Morris and Oakley and their colleagues. These investigators analyzed a class of mutations that confer resistance or supersensitivity to the antimicrotubule drug benomyl. Drug resistance was naapped to three loci, one of which (benA) was shown to encode a 13 tubulin polypeptide (80) . Exploiting the finding that some of the benom, resistant benA alleles were temperature-sensitive for growth, these investigators also identified an ot tubulin locus by ability of mutations at that locus to suppress the temperature sensitive benA phenotype (125) . The requirement for microtubuile function in both nuclear division and migration of nuclei along the germ tube of germinating spores was established by demonstration that both processes are resistant or supersensitive to benomyl in strains carrying 13 tubulin mutants whose phenotype is benomyl resistance or supersensitivity, respective]ly (180) . Furthermore, a particularly interesting 13 tubulin allele (benA33) which confers both benomyl resistance and temperature sensitivity for growtl~t was shown to block nuclear division and nuclear movement at the restrictive temperature not by the expected failure of microtubule assembly, but rather by a temperature-dependent hyperstabilization of microtubules (181) (182) (183) . As had long been predicted (184) , these data have established that disassembly of spindle microtubules is an essential aspect of the mitotic mechanism.
Microtubule Biochemistry and Genetics in Yeast
Historicalliy, the investigation of microtubule function in yeast was slowed by the widely held belief that yeast contained remarkably few microtubules of restricted function and that in any case study of these few microtubules would not be pmxicularly illuminating for analysis of microtubule systems in more complicated eukaryotes. Indeed, initial attempts simply to identify tubulin polypeptides in yeast were not particularly convincing (185, 186) , indirectly confirming the belief that tubulin was a very minor component of the yeast cell. This initial pessimism has now been largely overturned by the successful purification and characterization of yeast tubulin by Kilmartin (187) , by extensi~,e analysis of spindle and cytoplasmic microtubules both by electron [e.g., ref. (188) (189) (190) ] and light microscopic (.191-194) techniques, and successful identification Of several enlightening tubulin mutants.
Using the elegant technique of gene disruption in which a functional chromosomal gene is inactivated by homologous recombination with a cloned gene Annual Reviews www.annualreviews.org/aronline fragment, Neff et al (130) initially demonstrated to no one's surprise that the single yeast 13 tubulin gene is essential for growth and that lesions in this gene block the cell division cycle at mitosis. Moreover, as had long been anticipated from the obvious requirement for microtubules in the construction of spindles, tubulin mutations have been shown (129) to be responsible for two of the previously identified cell division cycle (cdc) mutants in which cell growth arrested at a specific point in the cell cycle. The first of these mutants, nda2, is a cold-sensitive mutation in which the block is at a late stage of nuclear division. Toda et al (129) initially cloned the wild-type (NDA2) locus by complementation of the mutant with exogenously introduced yeast DNA fragments carded on a plasmid vector. Two different complementing genes were obtained. By tetrad analysis one of these (al, corresponding to the first yeast ot tubulin sequence in Table 1 ) was shown to be the actual NDA2 wild-type gene. The second complementing sequence was not linked to NDA2 and represented the second a tubulin gene in this yeast (a2, the second yeast o~ tubulin sequence in Table 1 ). This complementation is somewhat unexpected since the endogenous (wild-type) o~2 gene resident in the nda2 mutant line does not support growth. This may be the result of increased expression of or2 from the complementing plasmid construct. A second cdc mutant, nda3, encodes 13 tubulin (Y. Hiraoka, T. Toda, M. Yanagida, unpublished). Although the cell cycle blockage of these mutants is well documented, it is not yet known whether there are concomitant morphological alterations in cytoplasmic microtubules. From other work, however, it seems clear that the events of bud emergence and btid enlargement in budding yeast strains do not require functional cytoplasmic microtubules (191) (192) (193) 195) .
Microtubule
Genetics in Physarum
An unexpected finding concerning the role of multiple tubulin genes in establishment of microtubule function has come from the work of Dove and coworkers (76, (122) (123) (124) who have investigated benzimidazole-resistant mutants Physarum. Of four loci which can confer drug resistance in haploid myxamoebae, two (benA and benD) have been shown to encode 13 tubulin polypeptides (122, 123) . Thus, mutation in either of these 13 tubulins expressed in haploid myxamoebae is sufficient to confer resistance. However, nonhaploid myxamoebae which are heterozygous for a resistant and a wild-type (sensitive) allele at benD are sensitive. At the molecular level these results are consistent with the hypothesis that Physarum microtubules are copolymers of the two 13 tubulins and that only above a threshold level of mutant subunits do the microtubules become drug resistant. Alternatively, it is possible that individual microtubules are comprised of single 13 tubulin isotypes thereby creating benA-specific and benD-specific microtubules (123) . In this view either Annual Reviews www.annualreviews.org/aronline these parall,:l microtubule sets is sufficient for myxamoebal microtubule function. Only when both microtubule classes contain sensitive alleles (for example in nonhaplc,ids heterozygous for drug resistance at either or both alleles), is the overall phenotype sensitive. This provocative scenario predicts that only resistant 13 tubulins are present in spindle and cytoskeletal microtubules in cells grown in the presence of benzimidazoles, although this has not yet been directly tested.
Microtubule Genetics in Drosophila
With the discovery in Drosophila of a dominant 13 tubulin mutation whose phenotype was male sterility, it became possible to begin to investigate in detail the role of differential gene expression in construction of microtubules destined for different cellular functions. Initially, Raft and coworkers (73) identified a tubulin subunit [named 132 and encoded at 85D (196) ] which was expressed only in tes~tis and was the sole 13 tubulin component of mature motile sperm (73) . From these data, it seemed plausible that this subunit might be specifically tailored for construction of the sperm flagella axonemal microtubules (the only axonemal microtubules in the fly). However, ultrastructural analysis showed th~tt the mutant sperm were defective not only in axonemal assembly, but also in meiosis, suggesting that the [32 subunit is multifunctional. Unfortunately, since the original mutant is dominant, the possibility that the variant subunit interferes in processes where the wild-type subunit does not normally function could not initially be eliminated. The subsequent isolation of recessive mutations in the 132 locus has now clearly deraonstrated that the 132 subunit is multifunctional (197) . Two classes of mutations have been obtained. The first class, distinguished by production of a [32 polypeptide that is unstable, yields a greatly reduced po01 of both o~ and [3 tubulin subunits and a complete blockage of meiosis, nuclear shaping, and axenomal assembly in mutant spermatocytes (197) (198) (199) . The second class, characterized by a stable 132 subunit, consists of a set of mutants each with a distinct phenotypic pattern of microtubule disruption (34, 199) . Since definition, a recessive mutation does not disrupt the wild type function, it seems clear that the recessive [32 polypeptides do not interfere with the wild-type gubunits and that [32 subunits are a normal component in the various sperm microtubules.
Tubulin Function Ascertained by Mammalian Somatic Cell Genetics
For genetic analysis of microtubules in mammalian cells, techniques of somatic cell genet!ics have been employed (200) (201) (202) (203) (204) (205) (206) (207) (208) (209) . Chinese hamster ovary (CHO) cells have been employed because of their rapid doubling time, simple and Annual Reviews www.annualreviews.org/aronline relatively stable karyotype, and the ease with which mutants can be obtained in culture. By selection for resistance to antimicrotubule drugs following mutagenesis, cell lines havebeen obtained which have increased resistance to colcemid (200, 203) , griesiofulvin (203) , and taxol (204, 20~5) . In instances the lesion has been localized to a tubulin polypeptide. For example, colcemid-resistant mutant Cmd4 displays a I~ tubulin subunit which is more basic than the wild-type both in vivo and in in vitro translations of mRNA derived from the mutant cell line (203) . Moreover, this mutant [as well several others (208) ] confers a temperature-sensitive phenotype which reverts concomitantly with a loss of colcemid resistance and loss of the altered 13 tubulin subtinit. Similarly, a colcemid-resistant o~ tubulin has been identified by the mutant polypeptide's altered i soelectric point (20 I) and by a lower affinity of this mutant cell tubulin for the drug (200, 201) . Although not rigorously addressable, these mutations appear to be dominant in the sense that in all cases apparently normal subunits are also present. This apparent dominance may be misleading, however, since several different a and [3 tubulin genes are almost certainly expressed in these cells and the high frequency of obtaining mutations suggests that at least some of the parent cells are hemizygous for individual tubulin genes. Indeed, the weakness of the somatic cell approach continues to be the paucity of data that identify the number and cell cycle-dependent expression of functional tubulin gene sequences in mammalian cells.
Nonetheless, what has been learned about microtubule function with these mutants? Initially, indirect immunofluorescence experiments using three different mutant cell lines that are temperature sensitive for growth, demonstrated that the cytoplasmic arrays of interphase microtubules were normal in each cell line at both permissive and nonpermissive temperatures. Time lapse video studies indicated, however, that mitosis at the nonpermissive temperature was markedly abnormal, resulting in a mitotic delay, defective cytokinesis, multinucleation, and ultimately, cell death (208) . Clearly, interphase and mitotic microtubules differ in some important functional requirement for o~ and 13 tubulin polypeptides. Similarly, an intriguing mutant line (Tax-18) has been isolated by Cabral (206) on the basis of its resistance to taxol, a drug which strongly induces inappropriate microtubule polymerization in wild-type cells (210, 211) . When grown in the absence of taxol, interphase microtubules of the mutant cell line again appear normal but the cells cannot form a proper spindle apparatus and cytokinesis is inhibited (207) . Some pole-to-kinetochore microtubules are assembled but interpolar microtubules are not. The precise lesion "-has not yet been identified, although Cabral (206) has speculated that the mutation may lie in a nontubulin microtubule associated protein. This is an exciting possibility, since it will begin to allow a genetic assessment of in vivo interactions among microtubule proteins.
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Microtubule Function Deduced from Analysis of Mutations in Nontubulin Proteins.
The genetics of microtubule function by analysis of nontubulin microtubule associated proteins has been lucratively addressed in two lower eukaryotic systems. I~ the first of these, work primarily from Luck and Pipemo and their colleagues has analyzed mutations that affect the structural components of the flagellum e~f Chlamydomonas. Using mutations that affect flagellar structure or motility, these investigators have identified numerous proteins that comprise substructures within the flagellum and have deduced the order in which these proteins are assembled. Moreover, their work has addressed the mechanism of flagellar motility. For example, they have shown that the radial spokes that connect fle~gellar outer doublet microtubules to the inner pair are not in fact essential to flagellar motility (212) . This considerable amount of work has recently be, en reviewed in detail by Luck (213) .
A secon,:l system in which genetics has provided insights concerning microtubule function and nucleation has been in the nematode Caenorhabditis elegans (2]~4-216). Although microtubules have almost universally been found to be coml?rised of 13 protofilaments, the microtubules of this nematode have only 11 protofilaments except in the six touch-receptor neurons which have 15 protofilaments. These 15 protofilament microtubules, which apparently mediate touch :~ensitivity, are crosslinked in rigid, hexagonally packed bundles. However, :mutations in the gene mec-7 result phenotypically in the loss of touch sensitivity and ultrastructurally in the replacement of the original microtubule array with a less regular set of un-crosslinked 11 protofilament microtubules. Although the lesion involved has not been identified at the protein level, indirect evidence suggests that it does not lie in a tubulin subunit, but rather in a product responsible for specifying the protofilament number of touch cell microtubules. If so, this mutation may well provide a genetic tool for identifying the mechanism of microtubule nucleation in vivo.
TUBULI[N: AN ATTRACTIVE MODEL FOR ANALYSIS OF EUKARYOTIC GENE REGULATION
Underlying many of the initial investigations of tubulin gene organization and function and of the corresponding tubulin genetics is the companion goal of determining how cells establish and monitor the appropriate level of tubulin synthesis and content. From the preceeding sections, it is obvious that the requisite regulatory mechanisms must control both the selection of genes that are to be expressed and the specification of the appropriate quantitative level of expression. Although no data have yet begun to address the molecular mechanisms that underlie tissue specific programs of expression, several different Annual Reviews www.annualreviews.org/aronline experimental systems have yielded provocative findings concerning the mechanisms utilized for establishing the proper level of tubulin gene expression.
Apparent Autoregulatory Control of Tubulin Synthesis in Cultured Animal Cells
A priori it seems obvious that eukaryotic cells can and do regulate their tubulin content. But precisely how such control is achieved is not so apparent. Indeed, such regulation could be achieved either at the level of polymer or the level of the od[3 subunit or both. In a pioneering experiment which addressed this question, Ben Ze'ev et al (217) proposed that cultured mammalian cells modulate tubulin gene expression through a feedback control mechanism linked to the level of unpolymerized tubulin subunits. The impetus for this hypothesis sprang from their finding that treatment of an established line of mouse fibroblasts (3T6) with colchicine {a drug which causes microtubule depolymerization [e.g., ref. (918)] and an approximate twofold increase in the level of unpolymerized subunits (219, 220)} results in a specific repression new tubulin polypeptide synthesis. Since no such repression was seen with the antimicrotubule drug vinblastine [which also induces microtubule depolymerization but results in precipitation of the unpolymerized subunits into paracrystals (221, 222) ], it was proposed that the regulation of tubulin expression was achieved by a mechanism that monitors the pool of unpolymerized subunits, rather than the amount of polymer.
Subsequent work from Kirschner's laboratory (42) established that the kinetics of the cellular response are rapid (half time of repression approximately 1 hr) and that this regulation can be demonstrated in a wide variety of primary or established cell types from diverse species. Moreover, consistent with the autoregulatory hypothesis, these studies demonstrated that treatment of cells with nocodozale [which like colchicine increases the pool of unpolymerized subunits (223) ] results in the rapid suppression of tubulin synthesis, whereas treatment with taxol, which dramatically decreases the pool of unassembled subunits (210, 211) , induces a mild increase in synthesis.
Unfortunately, interpretation of these initial experiments in terms of an autoregulatory control mechanism rested entirely on the presumptive effects of the various antimicrotubule drugs. This caveat was not trivial, as the drugs induce gross morphological alterations and the absolute specificities of action could not be assumed with certainty. However, this ambiguity was clarified by microinjection of purified tubulin into cells to artificially elevate the intracellular content of tubulin in the absence of drug treatments and morphological changes (224) . With this approach, it was found that tubulin synthesis is rapidly and specifically suppressed by injection of an amount of tubulin roughly equivalent to 25-50% of the amount initially present in the cell. Although in Annual Reviews www.annualreviews.org/aronline these experiments it was not possible to determine the fate of the injected tubulin (i.e., unassembled or assembled), companion experiments in which the injected subunits were prebound to colchicine strongly suggested that in fact it is the subunit form of tubulin which is monitored.
What hasbeen deduced concerning the molecular mechanism responsible for this specific modulation of tubulin synthesis in response to changes in the apparent pool of subunits? Initially, using cloned sequences to detect o~ or 13 tubulin mRNAs, it was shown that the loss of tubulin synthesis coincided quantitativelly with the loss of cytoplasmic tubulin mRNAs (42) . Moreover, those cells in which multiple tubulin genes are expressed, it was found that the RNAs from each gene were lost concomitantly. Although indirect evidence suggested that the ultimate control might be at the level of tubulin RNA transcription (225) , this possibility now seems less likely because the level tubulin RNA transcripts elongated in isolated nuclei by in vivo initiated RNA polymerase molecules is indistinguishable from nuclei prepared from control or colchicine-treated cells (226) .
Programmed Synthesis of Tubulin During Flagellar Assembly
Because of the ease with which mechanical shearing or alterations in growth conditions can be utilized to induce flagellar amputation or resorption (or in the case of Naegleria initial flagellar outgrowth), the stimulation of ciliary or flagellar protein synthesis during the growth of these organelles has increasingly been use,:l as an attractive model system to study the specific induction and regulated e~'~pression of a specific set of eukaryotic genes. Investigations have included analyses of pattems of protein induction determined with in vivo labeling in ..~ea urchins (227) , Tetrahymena (228) , and Polytomella (229) . Not surprisingly, in vitro translation of RNA from Tetrahymena (230), Naegleria (231), and sea urchins (232) has shown that for each of these organisms increased synthesis of flagellar proteins (of which the tubulins are the most prominent) is due to increased levels of the corresponding mRNAs encoding flagellar proteins. Without question, however, the organism that has received the most study and for which the flagellar induction process has been identified in greatest detail is the unicellular flagellate Chlarnydomonas. Removal of flagella results in the rapid regeneration of new, nearly full length flagella within 90 min (233, 234) . Although sufficient flagellar protein reserves exist in the cytoplasm to allow regeneration of flagella that are 1/3 to 1/2 of full length (234) , increased translatable tubulin mRNAs were initially found by in vitro translation of isolated polyribosomes or purified RNA to accumulate as early as 8 min postdeflagellation (169, 234) . This accumulation peaks between 45 and 90 min and slowly declines to the basal level by 180 min. Early work indicated that a simple model in which depletion of the substantial tubulin subunit pool during Annual Reviews www.annualreviews.org/aronline flagellar regrowth following deflagellation or resorption could not be the signal for induction since stimulation of tubulin synthesis was observed even when regrowth was blocked with the drug inhibitors isobutylmethylxanthine or colchicine (169, 235, 236) .
The isolation of cloned sequences for the Chlamydomonas tubulins in Weeks' and Rosenbaum's laboratories afforded a more detailed look at the mechanism underlying the induction process. Both groups demonstrated that increased levels of tubulin synthesis corresponded quantitatively with an increased level of tubulin mRNAs (93, 94) . Moreover, the mRNAs derived from both ~t tubulin and both 13 tubulin genes were seen to be induced coordinately (43) , althoughthe careful quantitation experiments of Schloss et al (237) argued for slightly different accumulation kinetics.
Given the dogmatic bias endowed by most previously studied eukaryotic genes in which regulation of expression ,has been shown to derive principally from transcriptional mechanisms, work from the Rosenbaum laboratory has produced the surprising finding that modulation in transcription rates is only part of the regulatory story. Nuclei isolated from vegetative cells 20 rain after deflagellation were found to transcribe between 4 and 10 times as many tubulin RNAs as control nuclei, thus indicating a n apparent transcriptional enhancement as a result of deflagellation (238) . Later work using in vivo pulse labeling with 32po,~ (239) has indicated that the peak in transcriptional enhancement occurs very early (within 10-15 min of deflagellation), even though the peak in. RNA accumulation occurs between 45 and 60 min. The brevity of the period during which tubulin RNA synthesis is maximal (the first 20 min) is as striking as the speed of activation. However, the peak transcription rate is estimated again to be only 4-7 fold above the initial rate even though the accumulation of tubulin RNAs reaches 10-14 fold above the initial levels. Careful consideration of these data mandates that in addition to an enhanced rate of transcription there must be a concomitant increase of at least 2-3 fold in tubulin mRNA stability. Moreover, redeflagellation of cells at times before the first flagellar regeneration is completed induces another burst in tubulin RNA synthesis which is identical to the first in magnitude and duration, indicating that the induction signal may act simply to reprogram the tubulin genes for a transient burst of maximal synthesis.
Cell Cycle Regulation of Tubulin Expression
Regulation of tubulin synthesis throughout the cell cycle has been addressed in several organisms. The tubulins are among the few polypeptides seen to vary a few fold in relative rate of synthesis during the cell cycle of culthred HeLa cells (241) . Similarly, Howell and coworkers (242, 243) have investigated tubulin synthesis during the cell cycle of Chlamydomonas, which grows synchronously when maintained under alternating light/dark conditions. Using permeabilized Annual Reviews www.annualreviews.org/aronline cells, a two fold increase in tubulin transcription rate over the cell cycle was seen even, tl~ough accumulated tubulin mRNAs .fluctuate more than 10 fold (243) . However, these cell cycle fluctuations reflect the superposition of true cell cycle requirements on top of the natural induction of flagellar proteins which occurs late in the dark phase of the cycle.
One particularly attractive system for study of tubulin requirements through the cell cycle is in the naturally synchronous cycle of the multinucleate plasmodium of Physarum. The tubulin polypeptides to be utilized for spindle microtubule:~ [the only microtubules in the plasmodium (137) ] have been found to be synthesized preferentially in the G2 phase of the cell cycle preceding entry into mitosis (244) . Using cloned nucleic sequences, Schedl et al (245) determined ,quantitatively that tubulin RNA levels rise at least 40 fold during this G2 period, followed by a rapid degradation of these RNAs concomitant with spindk~ disassembly. Although the mechanism leading to tubulin RNA accumulation during G2 is not known, the rapid loss of tubulin RNAs at the end of mitosis must arise from a major decrease in the mRNA stability (245) .
Altered T~zbulin Expression in the Life Form Switch of Leishmania
The life cycile of the parasitic protozoa Leishmania consists of two morphologically distinct forms, the first of which (the amastigote) resides inside macrophages of the mammalian host and the second of which (the promastigote) lives extracellularly and possess a flagellum. Although both forms contain intracellular microtubules, as might be anticipated, the flagellated form synthesizes tubulin at approximately three times the rate of the intracellular from (246, 247) , presumably as required for assembly of the axonemal microtubules. On the basis of qualitative data from in vitro translations (248) and from tubulin RNA levels deduced from hybridization to cloned tubulin sequences (249) , this difference in synthesis has been interpreted in Leishmania mexicana to arise from a surprising posttranslational control mechanism. This is not, however, the only interpretation of these data, and in light of the failure to find evidence for such a,.translational contribution in Leishmania enrietti (247) , this intriguing possibility remains unproven.
NAGGING QUESTIONS:
A PROSPECTUS FOR FUTURE DIRECTIONS Tubulin ha.s now been studied for eighteen years. But despite substantial progress, the determination of the ways in which multiple tubulin polypeptides participate in establishment of diverse microtubule function and the determination of the molecular pathways that regulate expression of multiple tubulin genes rem~tin major questions to be addressed by future studies. Additional Annual Reviews www.annualreviews.org/aronline fundamental questions looming large on the horizon include what parameters dictate association of nontubulin proteins (MAPs) with individual microtubules and how microtubule polymerization from specific, but biochemically poorly defined, microtubule initiation sites within cells is regulated both spatially and temporally.
Given the many difficulties involved, how are these goals t~ be experimentally achieved? First, with the demonstration that antibodies of predetermined specificity may be raised against chemically synthesized peptide antigens (250), we suggest that it is all but certain that antibodies specific individual tubulin polypeptides can and will establish how different tubulin subunits participate in various microtubule systems. Second, the ability to introduce exogenously engineered wild type or in vitro mutagenized tubulin genes into cells with DNA mediated transfection represents a most promising approach both for analysis of the contribution of particular tubulin genes to microtubule function and for dissecting pathways of tubulin gene regulation. Finally, in concert with more established genetic protocols, recently developed 'pseudo-genetic' approaches represent very powerful, promising new investigative tools. Methods already at hand include (a) reintroduction of in vitro engineered genes into the germ line of Drosophila (251) and (b) disruption expression of a resident wild type tubulin gene by co-expression of the corresponding 'anti-sense' mRNA (252) . Using these and related molecular approaches, we look forward to a continuing period of rapid progress in understanding the molecular biology and genetics of tubulin.
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